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A MIXING MODEL FOR ROCKET ENGINE COMBUSTION 

by M a r t i n  Hersch 

Lewis Research Center 

SUMMARY 

A model for predicting rocket combustion performance is presented which is based 
on the assumption that performance is limited only by gas-phase turbulent diffusion, or  
mixing, of oxidant and fuel vapors. The model shows how mixture ratio, chamber 
length, injector-hole spacing, and turbulence intensity affect performance. The results 

systems are presented. 
of detailed calculations performed on an IBM 7090 computer for a number of 

INTRO DU CTlON 

Many physical processes occur simultaneously in a rocket combustor. In order to 
understand the importance of the various processes, such as vaporization, gas-phase 
mixing, or  chemical reaction, each one is considered separately s o  that their effects on 
combustor performance may be determined and compared. The vaporization process in 
rocket combustion is well understood, and an exhaustive analysis of it is presented in 
reference 1. Chemical reaction rates are usually considered to be very rapid and 
therefore not a limiting factor in controlling the rocket combustion process. A treatment 
of the relative importance of chemical reaction rates in rocket combustion is presented 
in reference 2. The mixing process, though less well understood, may possibly be, 
under certain conditions, a rate limiting step in the combustion process. Mixing in 
rocket combustion is considered in references 3 to 12. 

In essence, the model developed herein combines the highly generalized results of 
reference 3 with a technique similar to that suggested in reference 1 (p. 50). In refer- 
ence 1 it is suggested that the effect of mixing on performance may be determined by 
calculating the performance of many small areas in a combustor cross  section and 
averaging the results. The results of reference 3 show how propellant concentration 
varies radially across  the combustor as a function of chamber length, injector-hole 



@ 

spacing, and intensity of turbulence, but do not indicate what effect such variations might 
have on comlustor performance. 

The objective of this study is to translate the generalized concentration profiles of 
reference 3 into combustor performance values, A model based on that of reference 3 
is presented which enables mixing-limited performance to be calculated for particular 
propellant systems as a function of chamber length, turbulence intensity, injector-hole 
spacing, and operating propellant mixture ratio. Results of detailed digital computor 
calculations using this model are presented for  eight propellant systems: oxygen with 
hydrogen, ammonia, hydrazine, and JP-4; fluorine with hydrogen, ammonia, and 
hydrazine; and nitrogen tetroxide with hydrazine. 
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V velocity 

L 
s mixing parameter, T o! 

P gas density, lb/cu ft 

1c/ mixing efficiency o r  ripple factor, (o/F),,/(o/F)~~, percent 

Subscripts : 

F fuel 

i annular ring i 

max maximum 

min minimum 

0 oxidant 

t total o r  metered value 

THEORY AND MODEL FOR CALCULATING PERFORMANCE 

The diffusion of a rocket propellant component injected from a grid of point sources 
into an infinite flowing s t ream of the other propellant component is treated in reference 3. 
The extent of mixing or  the mixing efficiency is expressed as a "ripple factor, I t  which 
is the ratio of minimum to maximum radial concentration of a propellant component in a 
plane parallel to the injector face: 

The value of 1c/ is unity for complete mixing and zero for no mixing. The mixing 
parameter is the product of intensity of turbulence and the ratio of chamber length to 
injector hole spacing: 

L a = T -  
S 

The model of reference 3 is strictly applicable only for dilute mixtures of the dif-  
fusing material. 
f rom extremely fuel rich to extremely oxidant rich. To facilitate the calculations for 
rocket combustors, the ripple factor is redefined so that it represents the ratio of mini- 

The mixtures encountered in a rocket combustor may, however, vary 
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mum to maximum oxidant-fuel mass ratios occurring in the plane parallel to the injector , 
face: 

The oxidant-fuel ratio rather than the concentration ratio of one component will be as- 
sumed to vary radially in a gaussian manner, as described in reference 3. 

A s  in reference 3, the injector will be considered to consist of an infinite grid Of 

sources of one propellant injected into a flowing s t ream of the other propellant. 
assumed that the oxidant diffuses from the sources, then in any downstream plane paral-  
lel  to the injector face the O/F will have maximum points on the axes of the sources 
and minimum points between these axes. Because of the symmetry of the system, only 
one-half of an O/F variation cycle need be considered. The O/F distribution is as- 
sumed to vary in a gaussian manner from the maximum to the minimum points: 

If i t  is 

0 -kr2 
- = Ke 
F 

The radial distance from the axis of the source to the point of minimum concentration is 
assumed to be one-half of the grid source spacing S. A nondimensional radius may be 
defined as 

S/2 being the radial distance from maximum to minimum O/F. The value of r' then 
becomes 0 on the axis of the source, o r  point of maximum O/F, and unity at the point 
of minimum O/F. It follows that the proportionality factors K and k a r e  given by 
K = (Omrnax and q = e-k. The intermediate O/F a t  any radial position ri may be 
written 

In an analogous 
rounded by oxidant, 

fashion the fuel could be considered to diffuse from the sources sur -  
and the result  is 

4 



4 

4 
As shown in reference 3, the mix- 

ing efficiency, o r  ripple factor, 1c/ may 
be related to combustor length L, 
intensity of turbulence T,  and injector- 
hole spacing S. The results, based on 
equation (7) of reference 3, a r e  shown 
in figure 1 as a function of the turbulent 
mixing parameter CY = T(L/S). 

Since it is sufficient to consider 
only one-half of a cycle of O/F varia- 
tion to characterize an entire com- 
bustor, the axis of one of the sources 
can be considered to be the center o r  
axis of a combustor and the point of 
minimum O/F to be the wall of the 
combustor. This single-source com- 
bustor is now considered to be com- 
posed ef a large number of equal-area 
annular rings, all at equal pressure 
and having equal gas velocities. This 

20 19 18 17 16 15 14 13 approach is similar to that of refer-  
ence 6. The average O/F of each 

radius according to equation (4a). 

00 70 4035 30 25 
Turbulent mixing parameter, a = T(L/S) 

Figure 1. - Ripple factor as function of turbulent mixing Parameter. ring now depends upon its  mean 
(Turbulence T is i n  percent.) 

The mass flow through each of the equal-area rings can now be computed from the 
continuity equation: 

m = p A V  =-AV PM 
RT 

The thermodynamic equilibrium molecular weight and the temperature in each ring are 
functions of the ring composition, as computed from equation (4a). When the composi- 
tion is known, the temperature and the molecular weight can be obtained by using the 
method of reference 13. Since the rings a r e  of equal area and it is assumed that there  
a r e  no pressure  o r  velocity gradients across  the combustor, the mass flow through the 
rings may be written 

Mi m . = c -  
Ti 



Inasmuch as only the ratios of the mass flow in each ring to total mass flow in the 
b 

system enter into the subsequent equations, the proportionality factor need not be com- 
puted and, therefore, does not appear in the equations that follow. 

Since vaporization is assumed to be completed before the start of mixing, the 
initial state of the propellants is gaseous. The overall performance, expressed as 
characteristic exhaust velocity C* may now be computed from the relative mass flows 
and equilibrium C* values according to the composition (also from ref. 13) in each 
ring: 

n 

where 

mt = C mi 
i= 1 

It is assumed that there is no mass or  heat transfer between rings, that the gases in 
each ring attain chemical thermodynamic equilibrium conditions, and that the gases of 
each ring, when passing through the exhaust nozzle, adjust to the a rea  needed for sonic, 
that is, choked flow. 

Since it is necessary in this model to handle an extremely wide range of values for  
the mixture ratio, the calculations a re  facilitated by expressing mixture composition in 
t e rms  of fractional fuel content. Thus the composition in each ring is then written as 

1 

r2 
F =  
1 

(O/F),,+ + 1 

The total, or  metered, fuel fraction and O/F can be computed from 
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The method of reference 13 can also be used to determine the C* corresponding to 
the metered mixture ratio. This then, is the C* that the combustor would attain if all 
reactants were perfectly mixed and combustion was completed. The ratio of the C* 
calculated from equation (7a) to this value is therefore the C* efficiency of a combustor 
having imperfectly mixed propellants. 

The input data for the computer program consisted of tables of equilibrium tempera- 
ture, molecular weight, and C* as functions of initial mixture composition expressed 
as fuel fractions. These data were obtained from the program described in reference 13. 
The other input data were values of ripple factor, number of rings, and (O/F)ma. The 
metered O/F is, unfortunately, unknown beforehand when this model is used. There- 
fore the values of (O/F),, were arbitrari ly chosen. A few preliminary runs were 
made to determine appropriate values of (O/F),, needed to generate desirable me- 
tered O/F values at a given ripple factor. 

The input data, obtained by using the method of reference 13 for characteristic ex- 
haust velocities, temperatures, and molecular weights as functions of the fuel fraction 
composition of gaseous reactants, a r e  given in  table I. A three-point logarithmic 
Lagrangian interpolation technique was used to evaluate properties between tabulated 
compositions . 

performed with a greater number indicated 100 to be sufficient. 
composition and properties were determined was the arithmetic mean radius of each 
ring; i t  was assumed that for a large number of rings the composition could be con- 
sidered uniform in any one ring. 

~ 

I 

' 

The number n of annular concentric equal-area rings was 100. A few calculations 
The radius ri at which 

The ripple factor may be determined from the following equation: 

1210 log I// = 0.497 - - 
r) 

CYL 

where a! is evaluated by using turbulence in percent. This equation may be applied to 
the l inear portion of the curve shown in figure 1 if the curve is assumed to be linear for 
all values of a! l ess  than about 37. This curve indicates that mixing is completed for  an 
a! of about 70. 

terist ic exhaust velocities even though there should be no mixing of oxidant with fuel, 
and therefore no burning. Zor this situation the values of a! and become zero,  and 
equations (4) and (8) may become, in this limit, indeterminant. By applying equation (7a) 
with n = 2 for  the two regions of pure oxidant and pure fuel, it can be shown that the C* 

The propellants, i f  complete vaporization is assumed, will produce some charac- 
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for the case of no mixing is given by 
. 

b 

It is also possible, by using the continuity equation, to calculate the flow a reas  for  
oxidant and fuel for the case of no mixing. It can be shown that for the model, as used 
herein, the sources a r e  not true points, but possess finite area. The ratio of oxidant to 
fuel injection a rea  is given by 

For very dilute mixtures, that is, low O/F values such as those considered in 
reference 3, the source reduces to a point. 

RESULTS AND DISCUSSION 

Calculated Effects of Incomplete M ix ing  

Detailed calculations to determine the effects of incomplete propellant mixing on 
combustor performance were made for the following eight propellant systems: 

(1) Oxygen with 

(a) Hydrogen 
(b) Ammonia 
( c )  Hydrazine 
(d) JP-4 fuel 

(2) Fluorine with 

(a) Hydrogen 
(b) Ammonia 
( c )  Hydrazine 

(3) Nitrogen tetroxide with hydrazine 

Results of the calculations are shown in figure 2. Values of C* and C* efficiency a r e  
presented as functions of the calculated metered O/F with a as a parameter.  The 
uppermost performance curve in each par t  of figure 2 is a plot of the theoretical C* 
values corresponding to perfect mixing (a - > 70) and equilibrium conditions as obtained 
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(a) Oxygen-hydrogen system. (b) Oxygen-ammonia system. 

Figure 2. - Effect of incomplete mixing on rocket combustor performance. 
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0 2  4 6 8 10 0 2 4 6 8 
Oxidant-fuel weight ratio, OF 

(c) Oxygen-hydrazine system. (d) Oxygen - JP-4 system 

Figure 2. - Continued. 
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0 2  4 6 8 10 2 4 6 8 io 
Oxidant-fuel weight ratio, OIF 

(e) Fluorine-hydrogen system. (f) Fluorine-ammonia system. 

Figure 2. - Continued. 
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0 2 4 6 8 10 0 2 4 6 8 10 
Oxidant-fuel weight ratio, OIF 

(g) Fluorine-hydrazine system. (h) Nitrogen tetroxide-hydrazine system. 

Figure 2. - Concluded. 
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(g) Fluorine-hydrazine 
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l r n m  96 0 2 4 6 

Normalized oxidant-fuel weight ratio 

(d) Oxygen - JP-4 system. (h) Nitrogen tetroxide- 
hydrazine system. 

Figure 3. - Efficiency as function of oxidant-fuel weight 
ratio divided by that for maximum theoretical charac- 
teristic exhaust velocity. Mixing parameter, 30. 

lines for the perfectly mixed propellants). 

from reference 4. The lowest curves in 
eachpart  of figure 2 indicate the C* and 
C* efficiency that would be attained i f  both 
propellants were completely vaporized and 
flowing through the combustor with no mix- 
ing as calculated from equation 12. Al l  
calculations were made at a chamber pres -  
sure  of 300 pounds per  square inch. Only 
the O/F regions likely to be of interest  to 
a combustor designer, from 0 to 10, a r e  
shown. The model can, however, be used 
to calculate performance at  any O/F, by 
simply inserting appropriate values of 

into equation (8). 

of zero (fig. 2) indicate that the perfor- 
mance is a smooth function of O/F and is, 
for  no mixing, always bounded by the C* 
values of pure fuel and pure oxidant. A s  
mixing increases, the curves progressively 
assume the shape and values of the theoreti- 
cal curve. 

The performance efficiency is of course 
100 percent for either pure fuel or pure 
oxidant, It is seen that in most cases  the 
C* performance tends to be a maximum 
and the C* efficiency a minimum near the 
O/F corresponding to the maximum or 
peak C* (indicated by the vertical dotted 

The sharpness of these maximum and mini- 

(O/s) m a  
The C* curves for a mixing efficiency 

mum points a r e  seen to depend on the particular propellant system in question and the 
mixing efficiency. The maximum C* performance values appear almost always to be 
fuel r ich with respect to the O/F for peak theoretical C*. In contrast, the minimum 
C* efficiencies appear almost always to occur at mixtures that a r e  oxidant rich with re- 
spect to the O/F of peak theoretical C*. 

tetroxide - hydrazine systems (figs. 2(a), (c), (d), and (h), respectively) show that the 
C* efficiency is extremely sensitive to mixture ratio in the very fuel rich region, 
dropping off very  rapidly with increasing metered O/F, and then leveling off or in- 

The curves for the oxygen-hydrogen, oxygen-hydrazine, oxygen - JP-4, and nitrogen 
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(a) Oxygen with various fuels. 

1 - - - ’  I 9 9 . 8 1  1 I 

(b)  Fluorine with various fuels. 

14 

uorine-hydrogen 
- l -  Oxygen-hydrogen 
I - 1 -  1 1 I 

( c )  Oxygen and f luorine with hydrogen. 

15 20 25 30 35 40 

Id) Oxmen and f luorine with ammonia. 

Figure 4. - Characteristic exhaust velocity efficiency as function of mixing parameter at 

Mixing parameter, a 

(el Hydrazine with various oxidants. 

oxidant-fuel weight ratio for maximum theoretical characteristic exhaust velocity. 



. 
creasing slightly with O/F. The efficiency f o r  the fluorine-hydrogen s y s  tem decreases 
more gradually with O/F in the region shown. 

To compare more readily the effect of mixing on efficiency for various systems, all 
the systems a r e  shown in figure 3, where efficiency is plotted as a function of normal- 
ized O/F for an a! of 30. The normalized O/F is the ratio of the metered O/KGo 
the O/F corresponding to peak theoretical C*. 

in figure 4, where C* efficiency is plotted as a function of the mixing parameter for  the 
various systems. All the curves a r e  for a mixture ratio corresponding to peak theoreti- 
cal C", that is, a normalized O/F of 1. Oxygen with various fuels is shown in fig- 
u re  4(a), and fluorine with various fuels in figure 4(b). 
hydrogen-fluorine and hydrogen-oxygen systems, figure 4(d) compares the ammonia- 
oxygen and ammonia-fluorine systems, and figure 4(e) compares the performance of 
hydrazine when burned with oxygen, fluorine, and nitrogen tetroxide. 

formance with oxygen is obtained when it is burned with hydrazine. A s  mixing is im- 
proved, however, the best performance is obtained when the oxygen is burned with 
hydrogen. With fluorine as the oxidizer (fig. 4(b)) the best performance is obtained with 
hydrogen as a fuel. 

With hydrogen as a fuel (fig. 4(c)) little change is obtained in going frDm fluorine to 
oxygen. Such is also the case in figure 4(d), where ammonia is shown as the fuel. With 
hydrazine as a fuel, however, figure 4(e) shows that, for low values of a!, performance 
is markedly lower with fluorine as an oxidizer than with either nitrogen tetroxide or 
oxygen, both of which result  in nearly the same performance. With improved mixing 
the performance with fluorine becomes equal to that obtained with the other oxidizers. 

results were unchanged when the fuel w a s  in the center. 

mixing is shown in figure 5. 
of 3 with oxygen in the center. 
across  the combustor, which for the case shown is an O/F of 3. 
composition would be pure oxygen up to a nondimensional radius of about 0.4. The 
family of curves indicates then that the radial composition profiles a r e  a function of 
mixing efficiency. 
@ = 3. 13x10- 
lants. 

~ 

1 
I 

I The relative importance of mixing for the various propellant systems is also shown 
i 

~ ' Figure 4(c) compares the 

In figure 4(a), it is seen that at  low values of CY (poor mixing conditions) best per- 

All calculations were made with the oxidant in the center diffusing into the fuel. 

An example of the variations in radial reactant composition for different degrees of 
The case shown is for oxygen-hydrogen at a metered O/F 

The 

For perfect mixing the composition would be uniform 
For no mixing the 

It is seen in figure 5 that with even very slight mixing (a! = 5.8, 
) an appreciably wide mixing zone exists at the interface of pure propel- 35 

One interesting result  of this analysis is that in all cases  near-perfect performance 
This is rather signifi- appears to be attained with mixing parameter values of 35 to 40. 

cant, because an (Y of 35 to 40 corresponds to a ripple factor of 1/3 to 1/2, that is, a 
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Figure 5. - Radial reactant composition across mixing zone for various 
values of mixing parameter. Oxygen in center. 

mixing efficiency of about 30 to 50 percent. This result could be of importance in situa- 
tions where it is desired to have O/F variations across  the combustor. 
in certain cases, it may be necessary to have the propellant mixture be fuel r ich near 
the wall for cooling purposes, but yet not have this result in a significant performance 
loss. The results of this study, as illustrated in figure 5, indicate the possibility of 
having such O/F gradients with little performance loss. 

Because of the many simplifying assumptions made in reducing the complex turbu- 
lent diffusion theory to the working model in reference 3 and the further assumptions of 
this study, it is not intended that the results herein be taken to have any great degree of 
rigor. 
combustion that have not been heretofore available, 

For example, the results of this study indicate that, in general, the oxidant-fuel 
mixture ratio for high performance may be near  that fo r  lowest C* efficiency. The re-  
sults also indicate which propellant systems are most likely to be sensitive to O/F 
changes and in what O / F  ranges these changes are likely to be most important. 

For  example, 

The results, however, do give some quantitative effects of mixing on rocket 
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Figure 6. - Intensity of turbulence calculated by using experimental data and mixing model. 

Comparison With Experimental Data 

An experimental study of rocket combustor performance is presented in reference 9. 
In this study performance was evaluated as a function of O/F for a liquid-oxygen - 
gaseous-hydrogen combustor with various injectors. The injectors were designed so 
that the oxygen atomization and mixing could be varied. The O/F was varied from 
about 2 to 10. With injectors having poor atomization characteristics C* efficiency 
increased with increasing O/F, and with injectors having poor mixing characteristics 
C* efficiency decreased with increasing O/F. The predicted performance trends with 
O/F for the oxygen-hydrogen system, as shown in figure 2(a), therefore agree with ex- 
perimental data. 

combustor is the availability of the turbulence intensity value so that the mixing param- 
eter  Q! may be evaluated. There is little information about turbulence values in rocket 
combustors. Qualitative photographic studies (refs. 10 and 11) have indicated that 
turbulence intensity is high near the injector face and decreases with chamber length. 
Quantitatively, it varied (ref. 12) from as high as 10 percent at the injector to about 
2 percent 8 inches downstream. Turbulence values for the oxygen-hydrogen system 
calculated by using the experimental performance data of references 4 and 9 and cor- 
responding values of the mixing parameter are  presented in figure 6. 

The difficulty in applying the results of this model to predict the performance of a 

These turbulence values were calculated from the value of a! corresponding to the 
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experimental performance and O/F by using the curves of figure 2(a). Then, since the 
chamber length and injector-hole spacing were known, the turbulence intensity was  cal- 
culated. For computing a from the data of reference 4, the effective mixing length L 
was assumed to include the chamber length plus the 3-inch convergence nozzle length. 
For the single-element injectors the effective hole spacing S was considered to be 
2 inches, the chambers being 2 inches in diameter. The hole spacing for the nine- 
element injector of reference 9 was considered to be 3/8 inch. The injectors were of 
the concentric tube type; that is, one propellant was injected from a central tube sur -  
rounded by an annular injector for the other propellant. The liquid oxygen was  poorly 
atomized when injected f rom the tube and well atomized when injected from the annulus. 
In all cases turbulence decreases with increasing chamber length and increasing O/F. 
It is highest for the single-element injectors when the oxygen is centrally injected, 
somewhat lower when the hydrogen is centrally injected, and significantly lower when 
the number of elements is increased from one to nine, The effective hole spacing for 
the nine-element injector may have been somewhat greater than the actual spacing of 
3/8 inch because the holes were concentrated in the central a r e a  of the injector face. 
Assuming a more uniform spacing would have raised somewhat the turbulence value 
shown in figure 5 for the nine-element curves. It is intended that these curves give 
some idea of approximate turbulence values that may be anticipated in a combustor so 
that this model may be useful in predicting performance. 

4 

CONCLUDING REMARKS 

An attempt was made to determine the effect of incomplete propellant mixing on 
rocket combustor performance. 
a highly simplified model was necessarily used. It is not intended that the results pre-  
sented herein be taken to have a great deal of precision, but rather that they be used as 
a helpful aid in designing rocket combustors, in furthering the understanding of rocket 
combustion, and in complementing the vaporization-limited models for rocket combus- 
tion. The model may also be helpful in interpreting experimental data. 

It should not be inferred that the model presented herein can be applied only to the 
idealized injection scheme of reference 3 o r  to concentric injector schemes. This 
model can be applied to any scheme of injection that results in mixture variations across  
the injector face. In applying the model, each element of the injector, whether concen- 
t r ic ,  impinging-jet, like-on-like, o r  of any other type, may be considered as constitu- 
ting a source in reference to this model. The effective Source spacing S would then be 
taken to be the distance between injector elements, even though both propellants a r e  in- 
jected from each element. 

Because of the complexity of turbulent diffusion theory, 
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SUMMARY OF RESULTS 

A model for  predicting rocket combustor performance has been developed based on 
the assumption that performance is limited by gaseous turbulent diffusion. Detailed cal- 
culations were made for chamber length, injector-hole spacing, and intensity of turbu- 
lence for a number of propellant systems. The resulting curves give performance as a 
function of the mixture ratio and a mixing parameter. The following a r e  the most salient 
conclusions of this study: 

1. The effect of mixing on rocket combustor performance is a function of the propel- 
lant system, the mixture ratio, and a mixing parameter which is the product of turbu- 
lence intensity and the ratio of combustor length to injector-hole spacing. 

2. For all the propellant systems considered the effect of mixture ratio appears to 
be most pronounced in the region corresponding to that of the maximum theoretical 
characteristic exhaust velocity C* of the perfectly mixed propellants. The maximum 
C* performance was  fuel rich with respect to the C* for peak performance. The mini- 
mum C* efficiency was  always oxidant rich with respect to the oxidant-fuel ratio needed 
for  peak theoretical C*. 

3. Complete mixing need not be a necessary condition to attain high engine perform- 
ance. In all cases  considered, high-performance efficiency is predicted with as great 
as a 2 to 1 or even 3 to 1 variation in mixture ratio across  the combustor. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, March 19, 1965. 
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TXBLE I. - Q U I L I B R I U M  MOLECULAR WEIGHT, TEMERAlIJRX, ANL CVARACTERISTIC EXHAUST 

VELOCITY AS FUNCTIONS OF I N I T I A L  PROELLANT m L  FRACTION 

Oxygen-hydrazine 

3 2  
3 1 . 9 3 6  
3 1 . 8 7 3  
3 1 . 8 1 0  
3 1 . 7 4 7  
3 1 . 6 7 1  
3 1 . 6 5 3  
3 1 . 6 3 3  
3 1 . 6 1 1  
3 1 . 5 8 6  
3 1 . 5 5 7  
3 1 . 5 2 4  
3 1 . 4 8 5  
3 1 . 4 4 0  
3 1 . 3 8 6  
3 1 . 3 2 1  
3 1 . 2 4 0  
3 1 . 1 3 8  
3 1 . 0 0 3  
3 0 . 8 1 8  
3 0 . 5 5 0  
3 0 . 1 2 3  
2 9 . 3 3 9  

2 8 . 8 0 0  
2 8 . 4 3 5  
2 7 . 9 9 6  
2 7 . 3 4 0  
2 6 . 4 5 7  
2 5 . 1 3 8  
2 3 . 0 3 8  
2 2 . 5 3 8  
2 1 . 4 7 6  
2 0 . 3 5 9  
1 9 . 2 6 8  
1 8 . 0 6 7  
1 6 . 5 9 6  
1 6 . 0 8 4  
1 4 . 8 3 2  
1 4 . 1 8 3  
1 2 . R 1 3  
1 2 . 5 6 4  
l l . R O 5  
1 1 . 7 4 0  
1 1 . 6 7 7  
1 1 . 6 1 3  
1 1 . 5 5 1  
1 1 . 4 8 9  
1 1 . 4 2 7  
1 1 . 3 6 7  
1 1 . 3 0 7  
1 1 . 2 4 8  
1 1 . 1 8 9  
1 1 . 1 3 1  
1 1 . 0 7 4  
1 1 . 0 1 7  
1 0 . 9 6 1  
1 0 . 9 0 5  
1 0 . 8 5 0  
1 0 . 7 9 6  
1 0 . 7 4 2  
1 0 . 6 9 9  

2 9 . 0 9 5  

fraction weight 

' 2 9 8  
3 3 8  
3 7 7  
4 1 5  
4 4 3  
4 9 7  
5 0 8  
5 1 9  
5 3 2  
5 4 7  
5 6 3  
5R2 
6 0 4  
6 2 9  
6 5 9  
6 9 5  
7 4 0  
7 9 5  
8 6 6  
9 6 3  

1100  
1 3 1 1  
1 6 7 5  

1905  
2 0 4 8  
7 2 1 5  
2 4 0 8  
2 6 3 0  
2 8 8 0  
3 1 6 3  
1 2 0 5  
3 3 1 2  
3 3 8 4  
3 4 1 3  
3 3 7 8  
3 2 1 6  
3 1 2 8  
2 8 5 2  
2 6 7 5  
2 2 3 5  
2 1 4 6  
1 8 5 9  
1 8 3 3  
1808  
1 7 8 3  
1 7 5 7  
1 7 3 2  
1 7 0 7  
1 6 8 2  
1 6 5 8  
1 6 3 3  
1 6 0 8  
1 5 8 4  
1 5 6 0  
1 5 3 5  
1 5 1 1  
1 4 8 7  
1 4 6 7  
1 4 4 0  
1 4 1 6  
1 3 9 7  

1 7 8 2  

~ 

Tem- 
pera- 
ture, 

OK 

1 7 7 2  
1 7 9 4  
1 8 1 8  
1 8 4 4  
1 8 7 4  
1 9 0 8  
1 9 4 7  
1 9 9 1  
2 0 4 3  
2 1 0 3  
2 1 7 5  
2 2 6 3  
2 3 7 3  
2 5 1 5  
2 7 0 7  
2 9 8 7  
3 4 4 2  
3 5 7 1  
3 7 2 0  
3 8 9 5  
4 1 3 1  
4 3 5 1  
4 6 5 9  
5 0 5 0  
5 5 8 5  
5 7 1 8  
'5861 
6 0 0 0  
6 0 7 1  
5 9 8 0  
5 7 2 1  
5 2 6 4  
5 0 6 5  

0 . 0 0 0 0 0 0  
.002  
. 0 0 4  
a 0 0 6  
.008 
-0 1 0 4 1  7 
- 0 1 0 9 8 9  
- 0 1 1 6 2 8  
. 0 1 2 3 4 6  
. 0 1 3 1 5 8  
- 0 1 4 0 8 5  
- 0 1 5 1 5 2  
. I l l 6 3 9 3  
. 0 1 7 8 5 7  
~ 0 1 9 6 0 8  
. 0 2 1 7 3 9  
- 0 2 4 3 9 0  
. 0 2 7 7 7 8  
.0,2258 
- 0 3 8 4 6 2  
. 0 4 7 6 1 9  
- 0 6 2 5  
. 0 9 0 9 0 9  
.IO00 
. 1 1 1 1 1 1  

1 2 5  
- 1 4 2 8 5 7  
- 1 6 6 6 6 7  
.2 
.25 
. 3 3 3 3 3 3  
- 3 5 7 1 4 3  
. 3 8 4 6 1 5  
. 4 1 6 6 6 7  
. 4 5 4 5 4 5  
.50 
- 5 5 5 5 5 6  
- 6 2 5  
- 6 5  
- 7 1 4 2 8 6  
.75 
. e 3 3 3 3 3  
rn 9 0  
- 9 0 5  
. 9 1  
- 9 1 5  
- 9 2  
~ 9 2 5  
.93 
. 9 3 5  
.94 
.945  
.95 
. 9 5 5  
- 9 6  
e 9 6 5  
.97 
, 9 7 5  
* 9 8  
.985  
.99 
. 9 9 5  
. 9 9 9  
1 .o 

- 0 1 0 9 8 9  
- 0 1 1 6 2 8  
~ 0 1 2 3 4 6  
- 0 1 3 1 5 8  
- 0 1 4 0 8 5  
- 0 1 5 1 5 2  
. 0 1 6 3 9 3  
a 0 1 7 8 5 7  
~ 0 1 9 6 0 8  
~ 0 2 1 7 3 9  
- 0 2 4 3 9 0  
~ 0 2 7 7 7 8  
. 0 3 2 2 5 8  
- 0 3 8 4 6 2  
. 0 4 7 6 1 9  
- 0 6 2 5 0 0  
- 0 9 0 9 0 9  
. I 0 0 0 0 0  
. 1 1 1 1 1 1  
. I 2 5 0 0 0  
. I 4 2 8 5 7  
- 1 6 6 6 6 7  
. 2 0 0 0 0 0  
. 2 5 0 0 0 0  
. 3 3 3 3 3 3  
. 3 5 0 0 0 0  
. 4 0 0 0 0 0  
. 4 5 0 0 0 0  
. 5 0 0 0 0 0  
. 5 5 5 5 5 6  
, 6 2 5 0 0 0  
. 6 5 0 0 0 0  
. 7 1 4 2 8 6  

Oxygen-ammonia 

4 4 4 7  
4 0 3 9  1 
3 2 9 9  
2 8 4 8  
2 9 1 3  
2 7 7 8  
2 7 4 3  
2 7 0 7  
2 6 7 1  
2 6 3 4  
2 5 9 7  
2 5 5 9  
2 5 1 9  

3 2 . 0 0 0  
3 1 . 9 1 4  
3 1  . 8 2 8  
3 1 . 7 4 3  
3 1 . 6 5 8  
3 1 . 5 5 7  
3 1 . 5 3 3  
3 1  . 5 0 6  
3 1  . 4 7 6  
3 1  . 4 4 2  
3 1  . 4 0 4  
3 1  . 5 3 9  
3 1  . 3 0 8  
3 1  .248  
3 1  . I 7 6  
3 1  . 0 8 9  
3 0  . 9 8 1  
3 0  .845  
3 0 . 6 6 6  
3 0  . 4 2 2  
3 0  .069  
2 9  . 5 1 3  
2 8  . 5 0 4  
2 8  . I 9 4  
2 7  .823  
2 7  .368  
2 6  .796  
2 6  .n52  
2 5  .041  
2 3  .595  
2 1 . 3 8 4  
2 0 . 7 8 8  
2 0  . I 0 6  
1 9  .290  
18 .244  
1 6  .893 
1 5  .310  
1 3  .626  
1 3  . I C 3  
1 I . 9 3 2  
1 1 . 3 9 8  
1 1 . 9 8 1  
1 3  .489  
1 3  . 6 5 7  
13 . 8 3 0  
14 .006  
1 4 . 1 8 7  
1 4 . 3 7 1  
1 4 . 5 5 9  
1 4 . 7 5 1  
1 4 . 9 4 5  
1 5 . 1 4 2  
1 5  .340  
i 5 . 5 4 0  
1 5 . 7 3 8  
1 5 . 9 7 5  
1 6 . 1 2 7  
1 6 . 3 1 3  
1 6 . 4 8 7  
1 6 . 6 4 4  
1 6 . 7 7 7  
1 6  .879  
1 6 . 9 3 2  
1 7 . 0 3 2  

. 7 5 0 0 0 0  
a 8 3 3 3 3 3  
. 8 5 0 0 0 0  
.9u5  
* 9 1  
.915  
.92 
a 9 2 5  
e 9 3  
a 9 3 5  
a 9 4  
e 9 4 5  
. 9 5 0 0 0 0  

2 9 8  
3 3 9  
3 7 8  
4 1 7  
4 5 5  
5 0 0  
5 1 1  
5 2 2  
5 3 5  
5 5 0  
5 6 7  
586 
6 0 8  
6 3 3  
6 6  3 
6 9 9  
7 4 3  
7 9 8  
8 6 9  
9 6 4  
0 9 9  
3 0 3  
6 5 0  
7 4 9  
8 6 3  
9 9 6  
1 4 9  
3 2 7  
5 3 0  
7 6 3  
0 2 3  
0 7 4  
1 1 6  
1 3 0  
3 5 7  
8 1 7  
3 9 9  
8 5 0  
5 5 9  
1 9 0  
3 4 5  
6 0 5  
5 1 0  
5 0 3  
4 9 7  
4 9 0  
48  3 
4 7 6  
4 6 9  
4 6 2  
$ 5 4  
$ 4 6  
4 9 8  
i 2 9  
$ 1 9  
1 0 9  
3 9 7  
3 8 5  
3 7 1  
3 5 5  
337  
316 
3 3 0  
! 9 8  

2 3 9 2  
2 3 4 6  
2 2 9 7  
2 2 4 4  
2 1 8 6  
2 1 2 2  
2 0 4 9  

exhaust 
velocity, 1 1  ,* 

1 - 9 6 5  
- 9 7  
- 9 7 5  
.98 
- 9 8 5  
.99  
m 9 9 5 0 0 0  

! !  

-- 13uu  47- 
1 4 2 6  
1 5 1 0  
1 5 9 0  
1 6 6 6  
1 7 5 2  

.002 

.074 

.Ob6 

.008  
e 0  1 0 4 1  7 

ji 1.00 

1 8 3 4  

Charac- 
teristic 
exhaust 
velocity, 

C*. 

1 3 0 0  
1 4 2 4  
1 5 0 6  
1 5 8 4  
1 6 5 9  
1 7 4 3  
1 7 6 3  
1 7 8 4  
1808 
1 R 3 4  
1 R 6 4  
1 8 9 7  
1 9 3 5  
1 9 7 9  
2 0 2 9  
2 0 8 9  
2 1 6 0  
2 2 4 7  
2 3 5 5  
2 4 9 5  
2 6 8 6  
2 9 6 2  
3 4 1 5  
3 9 4 3  
3 6 9 2  
3 8 6 6  
4 C 7 2  
L 3 2 0  
4 6 2 2  
4 9 9 9  
5 5 0 4  
5 5 9 3  
5 8 4 5  
6 0 7 3  
6 2 7 1  
6 4 3 0  
6 4 9 5  
6 4 8 0  
6 3 6 8  
6 2 6 7  
5 9 5 2  
5 8 7 8  
5 6 1 0  
5 5 8 4  
5 5 5 8  
5 5 3 1  
5 5 0 4  
5 4 7 6  
5 4 4 8  
5 4 2 0  
5 3 9 1  
5 3 6 3  
5 3 3 3  
5 3 0 4  
5 2 7 4  
5 2 4 4  
5 2 1 3  
5 1 8 2  
5 1 5 0  
5 1 1 9  
5 0 8 7  
5 0 6 1  
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PAel 
frpcti m 

.~ ~ 

3.0 
a 0 0 6  
.008 
.O 1 0 4  1 7  
. 0 1 0 9 8 9  
. 0 1 1 6 ? 8  
. 0 1 2 3 4 6  
. 0 1 3 1 5 8  
.O 1 4 0 8 5  
. 0 1 5 1 5 2  
. 0 1 6 3 9 3  
. 0 1 7 8 5 7  
- 0 1 9 6 0 8  
. 0 2 1 7 3 9  
. 0 2 4 3 9 0  
. 0 2 7 7 7 8  
. 0 3 2 2 5 8  
.018462  
. 0 4 7 6 1 9  
- 0 6 2 5  
.I390909 
.I 
. 1 1 1 1 1 1  
. I 2 5  
. I 4 2 8 5 7  

1 6 6 6 6 7  
.2 
. 2 ,  
. 2 6 3 1 5 8  
. 2 7 7 7 7 8  
. 2 9 4 1 1 8  
. ? I 2 5 0 0  
. 7 3 3 7 3 3  
. 1 5 7 1 4 3  
. 3 8 4 6 1 5  
. 4 1 6 6 6 7  
. 4 5 4 5 4 5  
. 5 0 0 0 0 0  
. 5 5 5 5 5 6  
- 6 2 5  
. 6 5  
. 7 1 4 2 8 6  
.75  
. a 3 3 3 3 3  
. 8 5 0 0 0 0  
. 9 0  
. 9 0 5  
.91 
0 9 1 5  
.92  
. 9 2 5  
. 9 3  
. 9 3 5  
. 9 4  
. 9 4 5  
. 9 5  
. 9 5 5  
- 9 6  
. 9 6 5  
. 9 7  
- 9 1 5  
.9ii 
. 9 8 5  
. 9 9  
. 995  
1 .n 

~ 

i 

1 

I 

I 
I 1  

1- ~ ~ 

C.O 
. 0 0 2  
.004 
.006 
.008 
.O 1 0 4  1 7  

. O l l 6 2 8  

. 0 1 2 3 4 6  

. 0 1 3 1 5 8  

. 0 1 4 0 8 5  

. 0 1 5 1 5 2  

. 0 ~ 6 3 9 3  

. O H 8 5 7  

.O 1 9 6 0 8  

. 0 2 1 7 3 9  

. 0 2 4 3 9 0  
, 0 2 7 7 7 8  
.032258  
.038462  
. 0 4 7 6 1 9  
. 0 6 2 5 0 0  
. 0 9 0 9 0 9  
. 1 0 0 0 0 0  
.111111 
. 1 2 5 0 0 0  
. I 4 2 8 5 7  
. I 4 7 0 5 9  
. 1 5 1 5 1 5  
. I 5 6 2 5 0  
. I 6 1 2 9 0  
. 1 6 6 6 6 7  
. I 7 2 4 1 4  
. I 7 8 5 7 1  
. I 8 5 1 8 5  
. 1 9 2 3 0 8  
. 2 0 0 0 0 0  
. 2 0 8 3 3 3  
. 2 1 7 3 9 1  
. 2 2 7 2 7 3  
. 2 3 8 0 9 5  
. 2 5 0 0 0 0  
. 3 3 3 3 3 3  
. 3 5 0 0 0 0  
.400000 
. 4 5 0 0 0 0  
. 5 0 0 0 0 0  
. 5 5 0 0 0 0  
. 6 0 0 0 0 0  
. 6 5 0 0 0 0  
. 7 ~ 0 0 0 0  
. 7 5 0 0 0 0  
.800000 
. 8 5 0 0 0 0  
. 9 0 0 0 0 0  
. 9 0 5  
. 9 1  
. 9 1 5  
. 9 2 0 0 0 0  
. 9 2 5  
.93  
. 9 3 5  
.94 
. 9 4 5  
. 9 5 0 0 0 0  
. 9 5 5  
- 9 6  
- 9 6 5  
. 9 7  
. 9 7 5  
.98  
. 9 8 5  
.99 
. 9 9 5  
.999 
1.0000 

. o i o w 9  

~-~ 

3 2  
3 1  - 9 7 8  
31  . 9 7 1  
3 1 . 9 6 3  
3 1 . 9 6 1  
? l  . 9 5 8  
31  . 9 5 6  
3 1 . 9 5 3  
11 . 949  
3 1 . 9 4 6  
31  . 9 4 i  
31  . 9 3 6  
3 1 . 9 3 0  
3 1  .922  
3 1 . 9 1 3  
3 1  .900 
3 1  .E84 
31 .R59 
31 .R12 
3 1  . 6 5 4  
30.R81 
3 0 . 5 2 7  
3 0 . 0 5 7  
2 9 . 4 1 6  
2 8 . b 1 5  
27.51R 
2 6 . 0 2 6  
2 3 . 9 0 9  
2 3 . 3 6 9  
22  . 7 7 4  
2 2 . 1 0 R  
2 1 . 1 4 9  
2 0 . 4 7 1  
1 9 . 4 5 1  
18 .2R3 
1 6 . 9 R 1  
1 5 . 5 9 2  
1 5 . 3 0 7  
1 5 . 5 3 7  
1 6 . 2 2 7  
1 6 . 5 6 5  
1 7 . 6 1 5  
1 8 . 1 0 9  
2 0 . 2 8 8  
2 0 . 7 5 4  
2 2 . 3 1 9  
2 2 . 4 8 9  
2 2 . 6 6 2  
22 . 8 7 3  
2 3 . 0 1 5  
2 3 . 1 9 5  
2 3 . 3 7 7  
2 3 . 5 6 2  
2 3 . 7 4 8  
2 3 . 3 3 6  
2 4 . 1 2 6  
2 4 . 3 1 7  
24 .509  
2 4 . 7 0 2  
2 4 . 8 9 6  
2 5  . 0 9 0  

2 5  . 2 8 4  
2 5  . 478  
25 . 6 7 1  
25.R6, i  
26 .n1 i1  

1 0 4 9  
1 1 1 4  
1193  
1 2 8 9  
1 4 0 9  
1 5 6 3  
1 7 6 7  
2 0 4 9  
2 4 4 1  
2928  
3 0 2 8  
3 1 2 8  
,3228 

"?,I- c 

1 3 0 0  
1 8 6 8  
2 0 1 0  
2 1 6 5  
2 2 0 0  
2 2 3 7  
2 2 7 9  
2324  
2 3 7 5  
2 4 3 2  
2 4 9 5  
2 5 6 7  
2 6 5 0  
2 7 4 5  
2 8 5 9  
2 9 9 5  
3162  
3 1 7 5  
3 0 5 4  

4 5 5 8  
4676  
4R02 
4 9 3 8  
11091 
5 2 7 1  
5 4 9 3  
5774  
5R37 
5 8 9 8  
5 0 5 3  
5 9 5 9  
5 Q R b  
5 9 1 6  
5 7 5 3  
5 4 7 0  
5 0 2 9  
4 7 1 0  
4 4 5 8  
4 1 9 8  
4 1 1 0  
3f l87 
3 7 5 9  
3 4 4 1  
3 ? 7 2  
3 1 5 1  
3 1 2 8  
3 1 0 4  
3 0 8 1  
1 0 5 7  
3 0 3 3  
3009 
2984  
2 9 6 0  
2 9 3 5  
2910 
2R85 
2 8 5 9  
2 8 3 4  
2RO8 
2 7 8 2  
2 7 5 6  
2 7 2 9  
2 7 0 3  
2h7h  
? h 5 4  

4 c 1 9  

38 - 0  
3 6 . 6 0 6  
3 3  . a 9 6  

27  .E72 
2 5 . 0 3 0  
2 4 . r 4 3  
2 3 . 8 2 3  
2 3 . 1 7 Q  
22 . 4 9 5  
2 1 . 7 7 3  
21  . 0 4 6  
2 0 . 3 4 4  
1 9  . 7 6 9  
1 9 . 4 8 9  
1 9 . 4 4 1  
1 9 . 4 7 7  
1 9  . 4 3 8  
1 9 . 0 4 1  
1 8 . 2 6 1  
1 7  . 0 9 5  
1 5 . 3 8 5  
1 2 . 9 7 3  
1 2  .3R0 
1 1 . 7 1 2  
1 1  . 0 1 4  
1 0 . 2 0 4  
1 0  . O ? ?  

9 . 8 4 9  
9 . 6 6 4  
9 . 4 7 4  
9 . 2 7 8  
9 . 0 7 6  
8 .R67  
8 . 6 5 ?  
8 . 4 ? 0  

3 0 . 7 0 4  

8 . 2 0 1  
7 . 9 6 4  
7 . 7 1 9  
7 . 4 h b  
7 . 2 0 4  
6 . 9 1 5  
5 . 4 6 7  
5 . 2 4 3  
4 . 6 6 8  
4 . 2 0 7  
3 . 8 2 9  
3 . 5 1 1  
3 . 2 4 5  
3 . 0 1 5  
2 . 8 1 6  
2 . 6 4 1  
2 . 4 R 7  
2 . 3 5 0  
2 . 2 2 7  
2 . 2 1 5  
2 . 2 0 4  
2 . 1 9 2  
2 . 1 8 1  
2 . 1 7 0  
2 .  1 5 9  
2 . 1 4 8  
2 . 1 3 7  
2 . 1 2 7  
2 . 1 1 6  
2 . 1 0 6  
2 . 0 9 5  
2.OR5 
2 . 0 7 5  
2 . 0 6 5  
2 . 0 5 5  
2 . 0 4 5  
2 . 0 3 5  
2 . @ ? 6  
2 . 0 1 8  
2 . 0 1 6  

2 9 8  
8 6 3  
1 7 7  
3 3 4  
4 4 4  
558  
5 8 4  
6 1 1  
6/48 
690 
742  
81 '  
9 1 9  

' 1 0 1  
' 4 3 7  
' 4 1 6  
5497 
,090 
, 4 5 1  
kt2," 
, 6 6 7  
1555 
,136 
, 010  
3869 
3711 
3526 
3 4 R L  
3441 
1396 
1348  
3293 
324h 
3190 
1130  
3067 
2999 
2926 

2762 
2670 
2572 
1 9 7 1  
1 8 7 2  
1 6 1 2  
1 3 9 7  
1 2 1 6  
1062  

9 2 8  
8 1 2  
7 1 0  
6 2  1 
542  
4 7 1  
4 0 8  
402  
396 
39c 
3 8 4  
375  
3 7 ?  
367 
36;  
3 5 t  
3 5 1  
3 4 t  
34c 
33: 
33 (  
321 
31' 
3 l L  
30c 
30r 
30(  
29E 

? e 4 7  

- 1  -~ 

l 
~ C l i , ' , i .  

Xh ,>L. .  t 
'el ocity, 

c . ,  
1 , 
I I ,'.A I '  

1 2 4 0  
2 1 8 7  
2 7 2 7  
3 0 6 3  
3 3 4 2  
3651  
3 7 2 1  
3 8 0 0  
3 8 3 8  
3 9 9 7  
4 1 0 1  
4 2 3 4  
4 3 9 4  
4 5 9 6  
4 8 7 8  
5 3 0 6  
5 8 3 8  
6 6 5  1 
7 c 4 4  
7 4 1 7  
7 7 3 3  
8 0 4 1  
8 2 9 1  
R ? S O  
8 4 1 C  
8 5 0 2  
8 5 9 4  
P b l ?  
8 6 1 ?  
8 6 5 0  
8 6 6 7  
86fl4 
R 6 9 9  
R71? 
R7?1  
8 7 3 1  
8 7 1 5  
8 7 1 5  
8 7 2 9  
8 7 1 8  
8 7 0 0  
8 6 7 6  
8 4 4 9  
R390 
P277  
8C42 
7842  
7 6 3 1  
7 4 1 1  
7 l R 3  
6 9 4 8  
6 7 0 5  
6 4 5 2  
6 1 R 9  
5 9 1 3  
5 8 8 5  
5 8 5 6  
5 8 2 8  
5 7 9 9  
5 7 7 0  
5 7 4 0  
5 7 1 1  
5682  
5 6 5 )  
5 0 2 7  
5507  
5 5 6 7  
5511  
5 5 0 1  
5470  
5 4 3 9  
540R 
5 1 7 7  
5145 
5 1 1 9  
5 3 1 1  



TABLE I. - Continued. EQUILIBRIUM MOLECULAR WEIGHT, TKMPERATJW, AND CHARACTERISTIC 

EXHAUST VELOCITY AS FUNCTIONS OF INITIAL PROPELIANT FUEL FRACTION 

Fuel Molecular Tern- Charac- Fuel Moleculax 
f rac t ion  weight pera- t e r i s t i c  fraction weight 

ture,  exhaust 

C* , 
f t / sec  

OK velocity, 

Ten- Charac- 
pera- t e r i s t i c  
tu re ,  exhaust 

OK Velocity, 
c*, 

f t / sec  

0.0 
,002 
.004 
006 

.008 
-010989 
-011628 
-012346 
-013158 
.014085 
,015152 
,016393 
.017857 
.O 19608 
.021739 
.024390 
.027778 
-032258 
-038462 
,047619 
-062500 
-090909 
.1 
.111111 
.125 
-142857 
,166667 
.2 
.208333 
-217391 
-227273 
-238095 
.25 
-263158 
.277778 
-294118 
.3125 
.I333333 
-357143 
.384615 
-416667 
.454545 
.5  
-555556 
-625 
-714286 
e 7 5  
. e 3 3 3 3 3  
.85 
. 9  
905 

e91 
-915 
92 

* 925 
.93 
,935 
.94 
.945 
.95 
.955 
96 

-965 
.97 
.975 
.98 
.985 
.99 
.995 
.999 
1 .o 

2705 
2783 
2877 
2995 
3150 
3364 
3691 
4311 
4534 

5378 
5975 
6636 
7036 
7087 
7132 
7169 
7198 
7215 
7217 
7202 
7169 
7123 
7065 
6995 
6903 
6 7 7 7  

6 3 0 8  

4872 

6591 

5897 

4384 
3979 
3309 
3196 
2858 
2824 
2788 
2753 
2717 
2680 
2643 
2605 
2566 
2526 
2485 
2442 
2398 
2351 
2301 
2248 
2189 
2124 
2051 
1966 
1889 
1834 

5 3 0 8  

Fluorine -amonia 

~019608 
-021739 
-024390 
-027778 
-032258 
-038462 
.062500 
,041619 
-090909 

.111111 

.125000 

.142857 
-166667 
.200000 
.250000 
m263158 
-277778 
e294118 
.312500 
. 3 3 3 3 3 3  
e357143 
m384615 
.416667 
,454545 
.500000 
,555556 

-714286 

~100000 

.625000 

.750000 

.850000 

.900000 
,905 
-91 
-915 
-92 
-925 
*93 
a935 
*94 
~ 9 4 5  
.950000 
-955 
- 9 6  
- 9 6 5  

- 9 7 5  
e 9 8  
-985 

~ 9 9 5  
1.0 

e 8 3 3 3 3 3  

38 
37.907 
37.814 
37.719 
37.613 
37.366 
37.289 
37.191 
37.063 
36 .894 
36.667 
36.357 
35.934 
35.377 
34.673 
3 3  .804 
32.738 
31.417 
29.742 
27.556 
24.624 
20.836 
20.242 
20.052 
20.122 
20.263 
20.158 
19.524 
19.331 
19.129 
18.899 
18.646 
18.367 
18.063 
17.733 
17.380 
17.006 
16.610 
16.186 
15.721 
15.196 
14.585 
13.857 
12.991 
12.012 
10.959 
10.653 
11.446 
11.841 
13.330 
13.504 
13.681 
13.864 
14.050 
14.240 
14.435 
14.632 
14.834 
15.037 
15.243 
15.451 
15.658 
15.863 
16.065 
16.260 
16.444 
16.612 
16.756 
16.868 
16.930 
17.032 

445 
437 
428 
419 
408 
397 
385 
371 
3 5 5  
337 
316 
300 
298 

II Fluorine-hydrazine 

1853 

38 
37 -986 
37 -972 
37.957 
37.938 
37 .e92 
3 1  -873 
37 .847 
31 -810 
37 . 758  
37 - 6 8 3  
37 e574 
3 1  -415 
37 -173 
36 a806 
36.27 1 
35.546 
34.609 
33.420 
31.894 
21 . O S 6  
29 .869 
23.002 
22.023 
21.053 
20.332 
20.212 
20.384 
20.420 
19.716 
19.486 
19.224 
18.928 
18.594 
18.220 
17 .804 
17.347 
16 . 856  
16.331 
15.758 
1 5  .lo7 
14.332 
1 3 . 3 6 3  
12.982 
12.133 
11.972 
1L.511 
11.467 
11.423 

1 1 . 3 3 6  
11.293 
11.251 
11.209 
11.167 
11.125 
11.084 
11.043 
11.002 
10.962 
10.922 
10.882 
10.843 
10.804 
10.765 
10.727 
10.696 

11.380 

- 
298 
403 
503 
599 
692 
798 

848 
876 
907 
940 
975 

1011 
1049 
1085 
1121 
1156 
1196 
1242 
1300 
1480 
1374 
1676 
1753 
1880 
2150 
2701 
3486 
4245 
45C2 
4560 
4565 
4555 
4528 
4477 
4391 
4282 
4133 
3955 
375c 
351C 
3208 
2785 
261C 
2182 
2098 
1 8 5 1  
1027 
1803 
1775 
1755 
1732 
170E 
1685 
1662 
1631 
1614 
159: 
157C 
154E 
1521 
1501 
148( 
1451 
143t 
1411 
139; 

a 2 2  

1240 
1445 
1622 
1776 
1915 
2067 
2101 
2138 
2178 
2222 
2271 
2324 
2382 
2444 
2511 
25RO 
2652 
2734 
2836 
2969 
3431 
3 1 5 3  
3927 
4086 
4287 
4564 
5034 
5124 
6541 
7079 
1145 
7204 
7255 
7295 
7321 
7325 
7303 
7261 
7204 
7131 
7028 
6859 
6547 
6394 
5998 
5913 
5647 
5620 
5592 
5564 
5536 
5507 
5479 
5450 
5421 
5392 
5362 
5333 
5303 
5272 
5242 
5211 
5180 
5149 
5118 
5086 
5060 

23 



TABLE I. - Concluded. EQUILIBRIUM MOLECULAR WEIGRT, TEMPERATURE, ANC CHARACTERISTIC 

EXHAUST VELOCITY AS FUNCTIONS OF INITIAL PROPELLANT PJEL FRACTION 

30.670 
30.616 
30.560 
30.505 
30.449 
30.383 
30.367 
30.349 
30.330 
30.307 
30.282 
30.253 
30.219 
30.179 
30.132 
30.074 
30.003 
29.913 
29 .794 
29.630 
29.393 
29.015 
28.317 
28.099 
27.R35 
27.508 
27.087 
26.525 
25.729 
24.524 
24.20A 
23.857 
23.467 

2 2  .537 
21.975 
2 1  .324 
20.560 
19.651 

17.310 
15.874 
14.270 
13.703 
12.528 
12.316 
11.721 
11.664 
11.608 
11.553 
11.498 
11.444 
11.390 
11.337 
11.284 
11.232 
1L.180 
11.129 
11.078 
11.028 
10.078 
10.929 
10.880 
10.831 
10.783 
10.736 
10.698 

23.030 

18.571 

Fuel  
f r a c t i o n  

424 
461 
497 
5 3 2  
567 
609 
619 
629 
b42 
655 
671 
688 
709 
733 
761 
795 
837 
890 
958 
1050 
1180 
1381 
1728 
1829 
1946 
2083 
2243 
2432 
2652 
2906 
2Y6l 
3017 
3013 

3185 
3236 
3278 
3300 
3285 

3057 
2799 
2441 
2297 
1971 
1909 
1728 
1710 
1693 
1676 
1658 
1641 
1624 
1607 
1590 
1573 
1556 
1539 
1523 
1506 
1489 
1473 
1457 
1441 
1424 
1408 
1396 

3 1 3 0  

3209 

I I  Nitrogen t e t r o x i d e  - hydrazine 

1702 
1771 
1837 
1900 
1973 
1990 
2009 
2030 
2053 
2079 
2108 
2142 
2181 
2226 
2280 
2345 
2424 
2524 
2655 
2834 
3098 
3 5 3 1  
3655 
3798 
3965 
4165 
4406 

5077 
5165 
5258 
5358 
5465 
5579 
5701 
5830 
5959 
6071 
6141 
6151 
6088 
5926 
5844 
5622 
5573 
5415 
5399 
5382 
5365 
5348 
5 3 3 1  
5 3 1 3  
5296 
5278 
5260 
5242 
5224 
5206 
5187 
5169 
5150 
5 1 3 1  
5 1 1 2  
5093 
5074 
5058 

4702 

~~ 

0.0 
.002 
.004 
.006 
.008 
.010417 
.010989 
.011628 
.012346 
.013158 
.014085 
.015152 
.016396 
.017857 
.019608 
.021739 
.024390 
.027778 
.032258 
.038462 
.047619 
,062500 
.066667 
.071429 
.076923 
.083333 
.090909 
. 1 1 1 1 1 1  

,200000 
.208333 
.217391. 
.221273 
.238095 
.250000 
.263158 
.277778 
.294118 
.312500 
.333333 
.350000 
.400000 
.450000 
.500000 
.550000 
.600000 
.650000 
.700000 
.750000 
.800000 
.850000 
.900000 
.905 
.910000 
.915000 
-92 
.925 
.93 
.935 I .94 
.945 
.950000 
.955 
.96 
.965 
.97 
.9?5 
.98 
.985 
.990000 
.995 
.999 
1.00 

,142857 

__  

.002 

.004 

.006 
,008 
.010417 
.0*0989 
.011628 
,012346 
,013158 
.014085 
.015152 
.016393 
.017857 
.O 19608 
.021739 
.024390 
-027778 
.032258 
-038462 
.047619 
.0625 
.090909 
.100000 
. 1 1 1 1 1 1  
.125000 
,142857 
.166667 
.200000 
.250000 
.263158 
.217778 
.294118 
.112500 
.333333 
.351143 
.384615 
.416667 
.454545 
.500000 
-555556 
~625000 
.714286 
.750000 
.a73333 
.850000 
.900000 
.905 
.91 
-915 
.92 
.925 
.93 
.935 
.94 
.945 
.950000 
.955 
-96 
.965 
.97 
.975 
.98 
.985 
.99 
.995 
1.00 

- -~ 

Oxygen-hydrogen 
_ _ ~  ~ 

32.000 
31.562 
31.136 
30.721 
30.318 
29.844 
29.733 
29.612 
29.476 
29.323 
29.151 
28.956 
28.731 
28.469 
28.160 
27.789 
27.732 
26.751 
25.984 
24.931 
23.430 
21.210 
20.642 
20.020 
19.337 
18 .585 
17.150 
1 5  .772 
13.225 
9.946 
9.578 
9.203 
8.823 
8.437 
8.046 
7.651 
7.252 
6.852 
6.450 
6.048 
5.760 
5.040 
4.480 
4.332 
3.565 
3.360 
3.102 
2.880 
2.688 
2.520 
2.372 
2.240 
2.228 
2.215 
2.203 
2.191 
2.179 
2.168 
2.156 
2.145 
2.133 
2.122 
2. 1 1 1  
2.100 
2 .OR9 
2.078 
2.06R 
2 .057 
2 .047 
2 .036 
2 .026 
2.018 
2 .016 

- 
98 
846 
70 
75 
66 
8 3  
3 1  
85 
44 
09 
81 
62 
5 2  
' 5 3  
16 7 
95 
837 
94 
865 
'48 
143 
'50 
'93 
135 
176 
116 
I53 
b99 
I 3 8  
)73 
108 
337 
158 
'71 
>76 
573 
+60 
340 
? l l  
174 
?72 

*74 
!82 
117 
374 
349 
739 
54 3 
558 
$82 
$ 1 5  
408 
$02 
396 
390 
384 
378 
372 
366 
360 
354 
348 
343 
337 
332 
271 
321 
3 1 5  
310 
305 
300 
298 

roo 

- 

1300 
1835 
2210 
2516 
2781 
3062 
3124 
3194 
3265 
3345 
3433 
3 5 3 2  
3641 
3764 
3904 
4064 
4249 
4462 
4712 
5008 
5374 
5867 
5991 
6127 
6277 
6445 
6634 
7089 
7653 
8216 
8261 
8300 
8335 
8363 
8384 
8397 
8402 
8398 
8384 
8358 
8332 
8222 
8077 
7903 
7705 
7491 
7263 
7023 
6773 
6511 
6237 
5947 
5918 
5887 
5857 
5827 
5796 
5765 
5734 
5703 
5612 
5640 
5609 
5577 
5544 
5 5 1 2  
5479 
5447 
5413 
5380 
5347 
5320 
5 3 1 1  
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